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General Introduction
     Hyaluronic acid (HA), a major component of the extracellular matrix (ECM), is a
negatively charged, high molecular weight polysaccharide composed of repeating
disaccharide units of D-glucuronic acid (GlcUA) and N-acetyl-D-glucosamine (GlcNAc)
(Fig. 1). HA is well known to be implicated in many important human disorders such as
rheumatoid arthritis and cancer growth/metastasis, as well as in basic biological processes
such as cell proliferation, differentiation, and migration, through its interactions with specific
hyaladherins including CD44 and a receptor for HA-mediated motility (RHAMM) i'2) . HA
has been shown to exert different effects depending on its molecular size. For example, HA
oligosaccharides of disaocharide unit (n) 4 to n25 are angiogenetic while high molecular
weight HA is anti-angiogenetic3'`). An increasing number of studies have also demonstrated
that HA oligosaccharides of specific sizes activate endothelial cells5"), macrophages8' 9),
dendritic cellsiO) and others ii'i3),
     Hyaluronidases (HAases), which are a family of enzymes involved in the degradation
of HA, have also become to attract attention. HAases are commonly classified into three
groups aocording to their HA degradation mechanism, i.e., hyaluronate 4-glycanohydrolase
(hyaluronoglucosaminidase: EC 3.2.1.35), hyaluronate 3-glycanohydrolase
(hyaluronoglucuronidase: EC 3.2.1.36), and hyaluronate lyase (EC 4.2,99.1) (Fig. 1) '`). The
HAases present in various mammalian tissues, belonging to the first group, are of particular
biological interest since they have been demonstrated to be involved in the pathophysiology
of many human disorders such as cancer and rheumatoid arthritisi5). In humans, six HAase
genes have been identified (Fig. 2): HYALI, HYAL2, and HYAL3 are clustered on chromosome
- 1-
               Hyaluronic acid
           OOH CH20H
                    o
          OH HO
              OH NHCOCH3
                                      n
           GlcAU GIcNAc
A. Hyaluronate 4-glycanohydrolase (EC 3.2,1.35)
     COOH H20H COOH CH20H
         OH NHCOCH3 OH NHCOCH3
                                    n=1,2,3••ny
B, Hyaluronate 3-glycanohydrolase (EC 3.2.1.36)
      H20H COOH H20H COOH
                 OHOH
         NHCOCH3 OH NHCOCH3 OH
                                       n=1,2,3•••
C. Hyaluronate lyase (EC 4.2.99.1)
     COOH CH20H
OH
o
ro
Fig. 1
             OH
Structure of HA and enzymatic degradation products by three types of HAases
    OH
NHCOCH3
 2-
a
3p21.3
Telomere HYAL7 Centromere
          7q3f.3
b Gene Protein
3p2i3 :.:,:,2 lima
     HYAL4 Hyal-4
7q3i.3 pH2o EZ EE"
     HYALP7 None
Fig. 2 Chromosomal orientation of human HAase genes (a) and their products (b)
- 3-

3p21.3 and PH20, HYAL4, and HYALPI are clustered on chromosome 7q31.3. With the
possible exception of HYAL4 and HYALPI, the other four are recognized as HAases that
degrade HA`6). Hyal-1, originally identified as a serum enzyme, was the first HAase to be
purified to homogeneity from plasma'D. The highest levels of mRNA ofHYALI are found in
the major parenchymal tissues, such as liver, kidney, spleen, and heart. mRNA ofHYAL2 is
also present in most tissues, except adult brain, and the protein product Hyal-2 is considered
to be a typical lysosomal enzyme originally. More recent evidence has shown that Hyal-2
can also be exposed on the cell surface bound to the plasma membrane via a
glycosylphosphatidylinositol-anchor'8' i9), PH-20, or testicular HAase, is primarily involved
in the degradation of the HA-rich cumulus layer surrounding the egg by sperm cells20).
HYAL3 transcripts have been detected in brain and liver tissues, but the protein product Hyal-
3 is uncharacterized2'), Among the three characterized HAases, Hyal-1 and Hyal-2 are acidic
enzymes having an optimum pH of 3.9 - 4.3 and PH-20 is neutral HAase having a broad
optimum pH of 5 -• 6. Recently, a patient with a mutation of HYALI termed
mucopolysaccharidosis IX has been described 2i). The clinical phenotype is surprisingly
mild, indicating that other HAases such as Hyal-2 and Hyal-3 compensate for the disorder of
Hyal-12i). Several investigators have also demonstrated that the levels or expression of
HAases are changed in tissues, sera, or urine in diseases such as cancef2'26), suggesting an
important role of the enzymes.
     Diabetes mellitus is a metabolic disease characterized by hyperglycemia secondary to
relative or absolute insulin deficiency, Chajara et al.27' 28) have demonstrated that HA
participates in the development of diabetic angiopathy. It is also shown that the composition
of glycosaminoglycans (GAGs) including HA alters in serum, skin, kidney, aorta, and urine in
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human and experimental diabetes 29-35). Furthermore, it has been reported that a high
concentration of glucose enhanced production of GAGs including HA in kidney-derived
cultured cells'36'3n. However, the involvement of HAase in diabetic situations has scarcely
been reported.
     The objectives of this study were to develope highly sensitive assay methods permitting
rapid measurement of very low HAase activity in biological samples and, by applying these
methods, to investigate possible involvement of HAase in the progressoion of diabetes
mellitus.
     Chapter 138) describes the development of a fiuorimetric HAase assay method based on
the Morgan-Elson reaction.
     Chapter 239) describes the development of a minigel-PAGE method with satisfactory
resolution and sensitivity for the analysis of HA oligosaccharides and its application to the
assay of HAase activity.
     Chapter 3`O) and Chapter 4`i) describe possible involvement of HAase in the progression
of diabetes mellitus. The changes in serum and urinary HAase levels (Chapter 3) and renal
HAase activity (Chapter 4) were traced in experimental models of two types of diabetes
mellitus, streptozotocin (STZ)-induced diabetic Wistar and Goto-Kakizaki (GK) rats,
demonstrating the enhancement of circulating HAase from the early process of diabetes
development. This study also demonstrates that the increases in urinary and renal HAases
may be usefu1 marker for diabetic nephropathy.
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Chapter 1
A fluorimetric Morgan-Elson assay method for hyaluronidase activity
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Introduction
     The HAases present in various mammalian tissues are of particular biological interest
since they have been demonstrated to be involved in the pathophysiology of many human
disorders. Due to their physiological inpotrance, a rapid, sensitive method to measure
HAase activity has become increasingly required. A variety of assay methods have been
used to measure HAase activity, i.e., classical turbidimetric4Z43), viscometric44) and
colorimetric45) methods and newer methods such as spectrophotometric4ts48), fluorogenic49),
radiometric50), agarose plate-based5i'52), enzyme-linked immunosorbent assay (ELISA)-like53'55),
high-performance liquid chromamtography (HPLC)-56), zymography-5", polyacrylamide gel
electrophoresis (PAGE)-39), capillary electrophoresis (CE)-58), and fluorophore-assisted
carbohydrate electrophoresis (FACE)-basedS9), and enhanced chemiluminescence (ECL)-
assistedoo) assays. The colorimetric method45), which is based on the Morgan-Elson
reaction6i) modified by Reissig et al.62), is the most practical of these assays and has been
widely employed. It is also the most reliable stoichiometrically since it is based upon the
generation of a new reducing GlcNAc terminus with each cleavage reaction, However, the
colorimetric Morgan-Elson method is insensitive for detecting a small amount of HAases in
biological samples. Recent methods such as ELISA-like assays53'55), PAGE-based assay39)
and zymography5n, the latter being semiquantitative, are highly sensitive but either require
specialized reagents or take a long time and are troublesome to perform only as a routine
assay, Therefore, I reinvestigated the Reissig-modified Morgan-Elson method62) to increase
the sensitivity and found that the Morgan-Elson colored product is weakly fluorescent.
Chapter 1 describes a fluorimetric Morgan-Elson assay method for HAases, i.e.,
hyaluronoglucosaminidase and hyaluronate lyase. The established fluorimetric method
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provided high sensitivity
rabbit serum HAase.
permitting rapid measurementof very low HAaseactlvlty such as
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Materials and methods
Materials
     Hyaluronic acid sodium salt from Streptococcus zooepidemicus, GlcNAc, p-
dimethylaminobenzaldehyde (DMAB) and potassium tetraborate (K2B407.4H20) were
obtained from Wako Pure Chemical Industries (Tokyo, Japan). Bovine testicular HAase
(EC3.2,1.35; 295 NFUImg) was purchased from Sigma Chemical (St. Louis, MO). Normal
human sera were obtained from laboratory volunteers (19-20 years of age) and normal rabbit
sera were from Japanese white rabbits weighing 250-300 g. All aqueous solutions were
prepared using water filtered through a Milli-Q water system (Millipore, Bedford, MA). All
other chemicals were of reagent grade.
Assay for HAase activity
     (a) Colorimetric Morgan-Elson assay method; The Morgan-Elson color reaction6i) was
carried out as described by Reissig et al.62) with slight modifications. DMAB reagent was
prepared as described, but tetraborate reagent was prepared by only dissolving K2B407.4H20
at O.8 M, without any adjustment of pH to 9.1, and thus the pH was nearly 10.5.
     The enzymatic reaction mixture consisted of 125 pt1 of a 1.5 mglml HA solution in O.1
M buffer containing O.1 M NaCl and 1.5 mM saccharic acid 1,4-lactone (a P-glucuronidase
inhibitor) and 5 pt1 of enzyme. The buffers used were phosphate buffer (pH 6.0) for bovine
testicular HAase and formate buffer (pH 3.9) for human and rabbit serum HAases, Such a
purified enzyme as bovine testicular HAase was diluted with digestion buffer containing 1.3
mg/ml bovine serum albumin (BSA) as a stabilizer, and thus the assay mixture included BSA
at a final concentration of O.05 mglml. After incubation at 370C for an appropriage time, the
-
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reaction mixture was heated in a boiling water bath for 5 min to stop the enzyme reaction.
After cooling to room temperature, the Morgan-Elson color reaction was started by the
addition of 25 pt1 of tetraborate reagent and subsequent heating for 3 min in a boiling water
bath. After cooling to room temperature, O.75 ml of DMAB reagent was added and
incubated at 370C for 20 min. After centrifugation at 18,OOO g at 4eC for 10 min to remove
turbidity, the absorbance at 585 nm of the clear supernatant was measured against that of a
blank test, which was carried out in the same way except that the enzyme reaction mixture
was incubated for O time.
     (b) Fluorimetric Morgan-Elson assay method: The enzymatic reaction followed by the
Morgan-Elson color reaction was carried out in exactly the same way as mentioned above, but
the newly released reducing terminal GlcNAc in the supernatant was detected by fluorescence
(excitation, 545 nm; emission, 604 nm) with a Hitachi F-4010 fluorescence
spectrophotometer, instead of absorbance at 585 nm.
     In both the colorimetric and the fluorimetric methods, 1 unit of HAase activity was
defined as the amount of enzyme required to produce 1 ptmol of reducing terminal GlcNAc
per min under the specified conditions, using respective standard curves plotted with known
concentrations of GlcNAc.
Determination of optimum pH ofIL4ase activity
     HAase activity was determined aocording to the above fluorimetric Morgan-Elson
method, except that O.1 M buffers of various pH from pH 2.0 to pH 8.0, each containing O.1
M NaCl and 1.5 mM saccharic acid 1,4-lactone, were used and that the HA concentration was
O,5 mg!ml, instead of the usual 1.5 mglml, because such a relatively high HA concentration as
-
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1.5 mglml, partly contributing to the sensitivity increase of the assay, showed a tendency to
slightly disturb the pH of the buffers with only a weak buffering action. The buffers used
were formate buffer for pH 2.0 to pH 5.0 and phosphate buffer for pH 5.0 to pH 8.0. 0.1 M
formate and phosphate buffers containing O.1 M NaCl were prepared by dissolving HCOOH
and NaH2P04 at a final concentration of O.1 M, respectively, and by adjusting the pH to
desired values with NaOH after the addition of NaCl at a final concentration of O.1 M.
Determination ofkinetic parameters ofjEL4ase
     The kinetic parameters, Km and Vmax, of HAase were determined from the
Lineweaver-Burk plot. Enzymatic assay was canied out according to the fluorimetric
method using various HA concentrations from O.1 to 1.5 mgtml of O.1 M formate buffer
containing O.1 M NaCl and 1.5 mM saccharic acid 1,4-lactone (pH 3.9).
Protein determination
     Protein concentrations were determined by the bicinchoninic acid assay (Pierce
Chemical, Rockford, IL) according to the manufacturer's protoco1 using BSA as a standard.
-
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Results and Discussion
     In the Morgan-Elson reaction6'), the GlcNAc reducing end is successively transformed
into chromogens I and II under alkaline conditions at 1000C and then into chromogen III by
the action of acids, and finally chromogen III reacts with DMAB to give a reddish-purple
colored product which can be detected at 585 nm63' 64). Fig. 3 shows the proposed structures
of the colored product and chromogens I, II, and III in the Morgan-Elson reaction63). Since
Reissig et al.62) improved this reaction by using borate (O.8 M, pH 9.1) as an alkali in the first
step to increase the production of chromogens, Reissig et aVs modification has been
employed for the Morgan-Elson reaction6i). However, there has been some confusion with
regard to the exact concentration of borate, as pointed out6`' 6S), owing to their ambiguous
description "O.8 M in borate" with respect to the concentration of tetraborate reagent, which
could be prepared with either K2B407 or H3 B03 plus KOH, At least some workers`8• 66• 6n
have employed O,8 M in B033' (or O.2 M in B4072'), instead of O.8 in M B4072' (or 3.2 M in
B033') as possibly directed by Reissig et aL62). Of those who have used so called tetraborate
reagent, by citing Reissig et aL62) without any concrete description, some might have
employed the lower concentration, Thus, the borate concentrations used differed fourfold
among different groups of workers. This difference in the borate concentration may not
have such a critical effect, as long as a certain fixed condition (no buffer added, etc.) is
consistently used within a series of studies. However, enzyme assays generally use a
specific buffer and sometimes require different buffers of various pH from acid to alkaline,
for instance, to examine the pH-activity profile of an enzyme. Therefore, I first attempted to
reexamine an optimal concentration and pH of tetraborate reagent to be used in the present
Morgan-Elson assay method for HAase. Using GlcNAc dissolved in O,1 M formate and
-
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phosphate buffers of pH 2.0 to 8.0, each containing O.1 M NaCl, different concentrations and
pHs of tetraborate reagent were tested for their effectiveness in the Morgan-Elson reaction;
these buffers are often used in the assay of serum and testicular HAases, respectively. As
shown in Fig. 4, when O.8 M B,O,2' (pH 10.5) was employed, the color production was almost
the highest over the wide pH range from 2.0 to 8.0. The molar extinction coefficient at 585
nm was calculated to be approximately 20,OOO over the pH range, equivalent to the value
(18,OOO - 21,OOO) reported by Reissig et al.62) for GlcNAc dissolved in water, but not in
various buffers. Using O.8 M B033' (pH 9.1), which has been employed by some
workers`8'66'6D , the color production was approximately 80 % that of O.8 M B4072' (pH 10•5)
even at the maximum and, surprisingly, little color was produced at the lower pH of both
formate (pH 2.0 to 3.0) and phosphate (pH 5,O to 6.0) buffers. The latter phenomenon seems
to indicate that phosphate has a much stronger buffering action than formate and suggests that
O.8 M B033' (pH 9.1) is insufficient in both borate concentration and pH to provide optimal
conditions for the Morgan-ElsoR reaction (e.g,, the recommended pH is 8.9 after mixing of
reagents62)). Even O.8 M B,072' (pH 9,1) was not sufficient to cover the wide pH range tested,
although Natowicz and Wang68) employed it to obtain the pH-activity profile of human serum
HAase. In addition, a O,8 M B4072' (or 3.2 M B033') solution of pH 9.1, but not pH 10.5, was
prone to soon deposit crystallines during stocking due to the lower.solubility at pH 9.1 than at
pH 10.5. Therefore, a slightly lower concentration of O.7 M B4072' (pH 10.0) and a mixture
of 10 vol of 2.8 M B033' (corresponding to O,7 M B4072', pH 9.1) and 1 vol of 6 M K2C03, the
latter of which has been used by other workers63'69), were also tested. Based on the
productivity and the pH independence of the Morgan-Elson color production, I finally
selected O.8 M B4072' (pH 10,5) as the tetraborate reagent in the present Morgan-Elson
-
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buffer containing O.1 M NaCl was mixed with 25 pl of tetraborate reagent and the Morgan-
Elson reaction was started by immediate heating for 3 min, as described under Materials and
Methods. The buffers used were formate buffer ( ) for pH 2,O - 5,O and phosphate buffer
(..,.,,) for pH 5,O - 8.0. The absorbance at 585 nm of each reaction mixture was measured
against a corresponding blank test mixture not containing GlcNAc and expressed as
percentage of the absorbance obtained with GlcNAc (O.1 M formate buffer containing O,1 M
NaCl, pH 3.9) using O.8 M B4072' (pH 10.5) as tetraborate reagent.
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method.
     Next, to enhance the sensitivity, I tried to excite the Morgan-Elson colored product at
545 nm, where it has the absorption maximum, in addition to that at 585 nm. Upon
excitation, the colored product emitted characteristic fluorescence with an emission maximum
at 602 - 604 nm (Fig. 5). The fluorescence intensity at 604 nm, although not so strong, could
be determined reliably and increased linearly with the amount of GlcNAc up to at least 1.9 ptg
lml (Fig. 6a). The detectable limit of GlcNAc by the fluorimetric method was lowered to
O.O16 paglml, compared with O,44 ptglml by Reissig et aL`s colorimetric method62), which I
performed under assay conditions the same as those of the present fluorimetric method except
that O.8 M B4072' (pH 9.1) was used as the tetraborate reagent. The increase in sensitivity of
the fluorimetric method ranged approximately 30- to 40-fold, owing to the pH of the GlcNAc-
containing samples used. The Morgan-Elson red-colored product is not stable and it slowly
converts to other uncharacterized compound(s), Since the fading rate of the colored product
measured by the absorbance at 585 nm was essentially the same as that measured by the
fluorescence (excitation, 545 nm; emission, 604 nm), both measurements seemed to detect the
identical product. It was also noted that the excitation of the colored product at another
absorption maximum 585 nm, resulted in lower quantum yield than at 545 mn.
     When bovine testicular HAase was assayed at pH 6.0 by the present fiuorimetric
method, 4.2 NFU corresponded to 1.0 mU, with a detection limit of 5 x 10'3 NFU/ml after 1-h
incubation (Fig. 6b). This sensitivity appears to be nearly comparable to those of sensitive
ELISA-like assays (1 x 10'2 5`), 1 x 10'3 5S), 5 x 10'` 53) NFU/ml), if compared on the basis of
the same 1-h incubation. The increased sensitivity permitted rapid measurement of human
serum HAase with an incubation time of as short as 10 - 30 min (Fig. 6b), compared with 18 -
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with 10- to 120-min incubations. The other assay conditions were as described in the text. The
abscissas for bovine testicular HAase and human serum HAase express concentration (NFUIml) and
time (min), respectively.
-
19-
24 h`5' 'O) or 4 h68) by the colorimetric Morgan-Elson methods, and the activity was 5.1Å} O.91
mUlml (n=8), With rabbit serum HAase, which has not previously been detected either by
ELISA-like assay5`), zymography") or by viscosimetry72), an incubation time of 10 h (with a
standard volume of 5 pl of serum) or 5 h (with a double volume of 10 pl, because of its very
low activity) was sufficient. The HAase activity of rabbit serum was O.052 Å} O.O057 mUlml
(n=8), indicating that it is as low as approximately 11100 that of human serum.
     The increased sensitivity of the fluorimetric assay also permitted one to quickly
determine the optimum pH and kinetic parameters of human serum HAase. When the
activity of human serum HAase was determined as a function of pH, it showed maximum
activity at pH 3.9, similar to the reported values of the optimum pH`5'63'68'70) , and no activity at
pHs above 5.0 (Fig, 7a). The shoulder of activity at pH 3.4 shown by Natowicz and Wang68)
for human serum HAase was not observed at present, suggesting that the shoulder might have
come from their tetrabborate reagent (O,8 M B4072', pH 9.1), which have irregular color
production around that pH (Fig. 4). The apparent Km and apparent Vmax values of human
serum HAase at pH 3,9 and 37eC were precisely (R2 = O,998) estimated from the Lineweaver-
Burk plot to be O.087 mglml and 6,9 mU/ml, respectively (Fig. 7b). These values are in
good agreement with the sole reported values (Km =O.114 mglml, Vmax=5.1 mUlml)68) for
human serum HAase, which have been determined by the colorimetric Morgan-Elson method.
     It should be noted that the centrifugation at as high as 18,Ooo g, prior to fiuorescence
(and absorbance) measurement, was important to completely remove the turbidity produced
during the enzyme reaction. Asteriou et al.66) proposed that the contribution of such turbidity
in the absorbance at 585 nm could be estimated by only using a curvilinear interpolation,
without centrifugation, However, their proposal was not always suitable, especially for
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assays of serum HAases performed at acidic pH, since the resulting turbid colored reaction
mixtures were often unstably suspended.'
     Fluorescence-based assays for Mase activity as fluorogenic`9) and FACE-based59)
methods have also been reported. However, both methods are not suitable for the routine
assay, because of their tediousness requiring a iengthy fluorescence labeling process of
substrate`9) or digested oligosaccharides59). Furthermore, the sensitivity (1 x 10-2 NFUIml or
less) of the former method is not higher than that of the present fluorimetric method, and the
sensitivity of the latter method, which seems to be suited to the analysis of digested
oligosaccharides rather than the assay of enzyme activity, appears to be lower than that of our
method.
     This is the first study to determine the Morgan-Elson colored product fluorimetrically.
The fluorimetric Morgan-Elson assay method, with the optimized tetraborate reagent,
provided high sensitivity, permitting rapid, simple measurement of low HAase activity in
various biological samples. The most remarkable advantage of the present method,
compared with other techniques including the colorimetric Morgan-Elson method, is the good
and long linearity of the dose (or time)-activity curves.
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Conclusion
     Despite their physiological importance, HAases have long been "neglected enzymes",
due, presumably, in part to the lack of rapid, sensitive assays. Currently, the colorimetric
Morgan-Elson assay method, which is based upon the generation of a new reducing GlcNAc
terminus with each cleavage reaction, is most widely employed but is yet insensitive.
Therefore, I reinvestigated the colorimetric method and established the fluorimetric Morgan-
Elson assay for HAase activity, with the optimized tetraborate reagent. The fluorimetric
assay, requiring neither specialized reagents nor a long time to perform, provided high
sensitivity, nearly comparable to ELISA-like assays, with a detection limit of 5 x 10'3 NFU/ml
of bovine testicular HAase after 1-h incubation. The increased sensitivity permitted rapid
measurement of low HAase activity in biological samples such as human and rabbit serum
HAases, the latter of which has not been detected either by an ELISA-like assay or by
zymography. Human serum HAase was easily characterized it along with its optimum pH
and kinetic parameters.
-
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Chapter 2
Microanalysis of hyaluronan oligosaccharides by polyacrylamide gel
electrophoresis and its application to assay of hyaluronidase activity
-
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 Introduction
     Since the molecular size of HA appears to be closely related to its biological activity, it
is desirable to have methods which provide information on the molecular size distribution of
HA oligosaccharides. There are several methods for the separation of HA oligosaccharides,
Gel permeation chromatography, which has traditionally been used for the preparation of HA
oligosaccharides, is excessively time consuming for analytical purposes'`' '5). HPLC
methods including normal-phase76), reversed-phase ion pair56), and anion exchange77'79) have
been able to separate HA oligosaccharides, but only up to at largest n23'9). Nternative
techniques appropriate for the separation of HA oligosaccharides with wider size ranges
include CE80' 8i), FACE59), and PAGE 82'86). Kakehi et al. 8i) have succeeded in excellent
resolution of HA oligomers up to more than nloo, but their quantification has not been
described. Generally, these separation methods are, if not detected fluorometrically,
insensitive and require relatively large amounts of sample, FACE is sensitive enough for the
quantification of reducing saccharides, but needs a lengthy sample prelabeling process of 16 h
with specific fluorophores such as 2-aminoacridone (AMAC).
     As for PAGE, adapted from procedures used in nucleic acid research, Hampson and
GallagherS2) and Min and Cowmang4) have independently applied the resolving power of
PAGE to the analysis of GAG oligosaccharides. Especially, the latter investigators have
reported a method called sensitivity-enhanced polyacrylamide gel electrophoresis (SE-PAGE).
This method enables the separation of low molecular weight GAGs including HA oligomers
(up to more than nlOO) through a 109o polyacrylamide gel matrix and has high sensitivity by
detecting them with a combined Alcian blue and silver staming, which brings about an
approximately 100-fold enhanced sensitivity, comparable to fluorometrical analyses.
-
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However, due to the use of large-slab gels, the SE-PAGE method still takes a long time for
electrophoresis and it is particularly troublesome to handle such large gels in the staining
process. Therefore, I attempted to separate HA oligosaccharides more rapidly and simply by
PAGE using mini-slab gels. The minigel-PAGE method was found to provide, with a
much shorter analysis time, satisfactory resolution and sensitivity for the analysis of HA
oligosaccharides up to more than n50. Furthermore, this PAGE method was also applicable
to the assay of HAase activity, even though the activity was as low as rabbit serum HAase,
which has not been detected by any assays except for the fluorimetric Morgan-Elson assay
method described in Chapter 139),
     The goals of this chapter were to investigate the separation and quantification of HA
oligosaccharides by means of minigel-PAGE, and to optimize the PAGE procedures so as to
apply them to the assay of HAase activity,
-
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Materials and Methods
Ma teria ls
     Highly purified sodium hyaluronate from human umbilical cord was obtained from
Seikagaku Corp. (Tokyo, Japan). Bovine testicular HAase (hyaluronate 4-glycanohydrolase,
EC3.2.1.35; 295 NFUImg) was purchased from Sigma Chemical (St. Louis, MO). Bio-Gel
P-60 (fine, 45-90 ptm) and silver staming kit were from Bio-Rad Laboratories (Richmond,
CA). Alcian blue 8GX was from Fluka Chemical (Buchs, Switzerland). All reagents for
the polymerization of electrophoretic gels were from Wako Pure Chemical Industries (Tokyo,
Japan). Norrnal human sera were from laboratory volunteers and normal rabbit sera were
from Japanese white rabbits weighing 250-3oo g, All aqueous solutions were prepared using
water filtered through a Milli-Q water system (Millipore). All other chemicals were of
reagent grade.
 Preparation ofoligosaccharides from HA digest
     To prepare HA oligosaccharides of varying disaccharide units, an HA digest by HAase
was fractionated on Bio-Gel P-60 essentially as described by Cowman et al. 8D. Briefly, HA
(20 mg) was digested with bovine testicular HAase (800 NFU) in 4 ml of Buffer A (150 mM
NaCl, 1oo mM CH3COONa, 1 mM Na2EDTA, pH 5,O) at 37eC for 20 min. Heating in a
boiling water bath for 10 min terminated the digestion. After concentration to about O.5 ml
and centrifugation at 25,OOO g for 10min, the HA digest was applied to a column (1.0 X 170
cm) of Bio-Gel P-60 equilibrated with O.5 M NaCl and eluted with the NaCl solution.
Fractions of O.4 ml were collected and analyzed for uronic acid content by the m-
hydroxydiphenyl method88) and for absorbance at 210 nm. The center fractions from each
-
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peak were then pooled. The chain length of smaller oligosaccharides was verified by the
molar ratio of total GlcUA concentration to that of the reducing terminal GlcNAc group, the
latter of which was determined by the Morgan-Elson method modified by Reissig et al. 62) .
By this chromatography, HA oligosaccharides of n2 to nll were obtained in an apparently
pure state; the purity of each oligosaccharide was judged both by CE and by the present
PAGE method described below, The HA oligosaccharides of n2 to nll thus isolated were,
after dialysis against water, frozen until use at -20eC,
CE ofLL4 oligosaccharides
     CE was performed using a HP3D capillary electrophoresis system (Hewlett-Packard,
Palo Alto, CA). The silica capillaries used were uncoated (Hewlett-Packard), 50 ptm i.d. and
72 cm long (effective length). The procedures for electrophoresis were as described by
Pattanaargson and Roboz 58).
PAGE oflL-l digest mixtures and oligosaccharides
     The procedures employed for vertical-slab gel electrophoresis were essentially as
described by Min and Cowman8`), but with some critical modifications. Instead of the large-
slab gels (32 x 14 x O.15 cm) that they used, mini-slab gels of 8 x 9 x O.1 cm were used with
10 sample wells of 1.1 x O.35 cm. The polyacrylamide gels contained 159o acrylamide,
O,59o N, N`-methylene bisacrylamide in O.1 M Tris-borate-1 mM Na2EDTA, pH 8.3
(TrislboratelEDTA).
     For the electrophoretic run, HA digest samples in the digestion buffer, or purified
oligosaccharides in water, were mixed with a one-fifth volume of 2 M sucrose in
-
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TrislboratelEDTA buffer and 2 pt1 of the mixtures was applied directly to the gel.
Bromophenol blue (BPB) (0.0059o in TrislboratelEDTA buffer containing O.3 M sucrose) was
used as a tracking dye, but was generally applied to a well with no sample, The reservoir
buffer was TrislboratelEDTA. The electrophoretic conditions were optimized so as to
achieve a good separation with a ladder-like series of bands, as follows. The gels were
electrophoresed first at 250 V for 20 min, then at 580 V for 10 min, and additionally at 450 V
for approximately 15 min until the BPB tracking dye reached within 1 cm of the gel bottom,
All the procedures of the electrophoretic run were carried out in a cold room.
     A combined Alcian blue and silver staming protocol was employed for the detection of
oligosaccharides essentially as that described by Min and Cowman84). Immediately after
electrophoresis, oligosaccharides were fixed in the gel matrix by soaking the gel in O.05%
Ncian blue dissolved in water, but not O.S9o dye in 29o acetic acid8`), for O,5 h in the dark.
After destaining in water for O.5 h, the gel was subjected to silver staining, beginning from the
oxidation step, using the Bio-Rad silver stain kit according to the manufacturer's protocol.
     For the quantification of oligosaccharides, the stained gel was scanned on an Epi-Light
2000 image analyzer with Luminous Imager version 2,O (Aisin Cosmos R&D, Japan). The
relative band intensities of oligosaccharidcs were calculated from the ratio of the intensity of
each band to that of nll-mer at 5 ng/lane, as a staining control, on the same gel. The
reproducibility tests for staining were performed with samples applied in three lanes on the
same gel (intra-assay variation) and in a lane on three separate gels (inter-assay variation).
Assay for hyaluronldase activity
     (a) Morgan-Elson assay method: HAase activity was routinely determined by the
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Morgan-Elson assay method. One hundred twenty-five microliters of HA (1.5 mglml) in O.1
M buffer containing O.1 M NaCl was mixed with 5 pa1 of enzyme and digested at 37eC for an
appropriate time. The buffers used were acetate buffer (pH 5.0) for bovine testicular HAase
and formate buffer (pH 3.9) for human and rabbit serum HAases. In the case of such a
purified enzyme as bovine testicular HAase, which was diluted with digestion buffer
containing 1.3 mglml BSA as a stabilizer, the reaction mixture therefore included BSA at O.05
mglml. The reducing terminal GlcNAc groups newly released by the enzyme were
measured by the Morgan-Elson method modified by Reissig et at. 62).
     0ne unit of HAase activity was defined as the amount of enzyme required to produce 1
ptmol of reducing terminal GlcNAc per min under the specified conditions. One mU
corresponded to 5 NFU.
     (b) PAGE assay method: HA digests with various HAases were prepared and
electrophoresed as described above. After electrophoresis, the HAase activity was measured
as a total of the relative band intensities for oligosaccharides of n18 to n24 and expressed in
NFU as calculated in reference to a bovine testicular HAase (an appropriate NFU) HA digest
as a standard on the same gel,
-
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Results
PAGE ofHA oligosaccharides
     Partial digestion of HA with bovine testicular HAase yields a homologous series of
oligosaccharides with identical repeating disaccharide unit but differing in the number of
disaccharide unit, the smallest of which is the tetrasaccharide, n2-mer. Min and Cowman8`)
have demonstrated by their SE-PAGE method that such HA digests, containing
oligosaccharides up to more than nlOO, are separated into a ladder-like series of bands with
high sensitivity, Since the SE-PAGE method uses large-slab gels of 32 x 14 x O,15 cm,
however, it takes as long as 7 h (if samples are doubly loaded on a single gel, a total of 22 h)
for electrophoresis. Therefore, to analyze samples more rapidly and conveniently, I first
attempted to use mini-slab gels of 8 x 9 x O.1 cm and explored an optimal gel concentration so
that as many oligosaccharides as possible could be separated into discrete bands. When a
20-min HAase digest of HA was subjected to PAGE using mini-gels of varying
concentrations of 10, 12.5, 13.5 and 15.09e under the conditions described under Materials
and Methods except for the gel concentration, the upper limit of separable bands changed
from approximately n30-mer on a 109o gel to approximately n50-mer on a 159o gel, In
addition, at higher gel concentrations, a better separation of bands, especially of smaller
oligosaccharides, was achieved, Therefore, I chose 159o as the gel concentration in the
present PAGE system, Fig. 8a shows typical electrophoretic patterns for an arbitrary HA
oligosaccharide mixture containing n2-mer to more than n50-mer and for purifed HA
oligosaccharides ofn5 to nll. With an electrophoretic time as short as 45 min, this PAGE
method separated HA oligosaccharides of n5 to more than n50 into a discrete ladder-like
series of bands in a 15% gel matrix. The individual bands were identified by
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Fig, 8. PAGE-stained patterns of an arbitrary mixture of HA oligosaccharides and purified HA
oligosaccharides (a) and their relative mobility as a function of molecular weight (b). A partial HA
digest with bovine testicular HAase was prepared and purified on Bio-Gel P-60. Electrophoresis was
canied out using a 159o (and also 109o in (b)) polyacrylamide gel as described under Materials and
Methods. Relative mobility is expressed as the mobility of each band relative to that of BPB. Lane
1, BPB; lane 2, an HA oligosaccharide mixture of up to more than n50, 580 ng; lane 3, nll-mer, 10
ng; lane 4, nlO-mer, 15 ng; lane 5, n9-mer, 17 ng; lane 6, n8-mer, 22 ng; lane 7, n7-mer, 31 ng; lane
8, n6-mer, 74 ng; lane 9, n5-mer, 260 ng. The number of disaccharide unit (n) is indicated,
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coelectrophoresis of the purified oligosaccharides of n5 to nll as band-counting aids and
band-counting of oligosaccharides larger than n11-mer was continued by way of a one-to-one
correspondence. The relative mobility of HA oligosaccharides was an essentially linear
function of the logarithm of the molecular weight as shown in Fig. 8b, where not only the
results from PAGE with 159o gels but also those from PAGE with 109o gels are shown for
      .comparlson.
     HA oligosaccharides are known to show a chain length change in dye binding. It has
been reported that species of n7 to nll show an increasing degree of dye binding and species
of more than nl1 appear to stain in approximately correct proportion to their concentrations85).
In the present minigel-PAGE method employing a similar combined Alcian blue and silver
staining protocol, the smallest HA oligosaccharide detectable was n5-mer as can be seen from
Fig. 8a. To examine the chain length dependence in Alcian blue binding, the purified
oligosaccharides of n5 to nll were subjected to PAGE at varying sample loads and the
individual band intensities were determined by densitometric scanning of the stained gels,
Fig. 9 representatively shows the results obtained with species of n6, n7, n8, and nll,
indicating a good linear correlation between the loaded amount of each sample and the band
intensity up to at least 3. Essentially identical results were obtained with species of n5, n9,
and nlO (data not shown). Since these results indicated a marked chain length change of
Alcian blue binding among species of n5 to nll, their relative band intensities per nanogram,
obtained from three experiments, were compared (Table I). The intra- and interassay
coefficients of variation were estimated to be 4.4 Å} O.7 and 11.1 Å} 1,49o, respectively. It
appeared that the band intensity of nll-mer was 33 times stronger than that of n5-mer, The
detection limits of nll-mer and n6-mer were found to be less than 1 and 20 ng per band,
-
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The relative band intensity was calculated from the ratio of the band intensity of each
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Table I Comparison of relative band intensities for HA
      oligosaccharides of n5 to n11
HA oligosaccharide
(n)
Relative band
intensity a l ng( x lo "3) Control (%)
11
10
9
8
7
6
5
200
164
146
134
 87
 36
  6
1OO
 82
73
 67
 44
 18
  3
  Values are mean. Each group consists of three experiments on
separate gels.
  a The relative band intensity was calculated from the ratio of the
band intensity of each oligosaccharide to that ofnl1-mer at 5 ngllane,
as a staining control, on the sarne gel.
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respectively. It should be noted that HA oligosaccharides smaller than n5 were not detected
even at very high sample loads in microgram range.
Application ofthe PAGE method to IL`Iase assay
     The present PAGE method was not adversely affected by proteins or moderate
concentrations of simple salts (e,g. O,5 M NaCl) in the applied samples, so that 2- to 4-pt1
aliquots of enzymatic HA digests cloud be directly applied to the gels without sample
pretreatments such as desalting and deproteinization. Therefore, I attempted to apply this
PAGE method to the analysis of HA digests with various HAases, Using bovine testicular
HAase as a reference enzyme, HA digests with increasing amounts of enzyme were followed
not only qualitatively but also quantitatively by this PAGE method. Figs, 10a and b show
the stained band patterns and their densitometric scans, respectively. With increasing
amounts of enzyme, both the number and the intensity of smaller oligosaccharide bands
increased, As a trial of the measurement of enzyme activity by this PAGE method, a total of
multiple band intensities, but not single band intensity, was plotted against the amount of
enzyme, to raise sensitivity. For HA oligosaccharides of n16 to n20, n18 to n24, or n20 to
n30, there appeared to be an essentially linear relationship between a total of the band
intensities and the amount of enzyme used (Fig, 10c), Considering both the linearity and the
sensitivity, the best result was obtained with species of n18 to n24, having a correlation factor
as high as O.992. When a total of band intensities for n18 to n24 was used as a measure of
activity, the detection limit of bovine testicular HAase by the PAGE assay method was as
little as 3 x 10"` NFUAane or as low as 1.9 x 10'i NFUIml upon a 1-h incubation of enzyme
with HA. The detection limit of bovine testicular HAase by the Morgan-Elson assay method
-
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various concentrations of bovine testicular HAase were prepared as described under Materials
and Methods.
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performed as described above was 2.9 x 10'2 mU or 2.2 x 10" mU lml, corresponding to 1,5 x
10'i NFU or 1.1 NFUIml, respectively. The sensitivity of this PAGE assay method was
therefore approximately 500 times higher on the amount basis or six times higher on the
concentration basis of enzyme than that of the Morgan-Elson assay method, which is
currently the most widely employed HAase assay.
Determination ofthe activity ofserum LL4ases by the PAGE method
     The above-developed PAGE method was applied to the assay of human serum HAase,
whose activity is so weak that the Morgan-Elson assay methods need as long an incubation
time as 24 h70). Figs. 11a and b show the stained band patterns and their densitometric scans
of HA samples digested with a fixed amount of human serum enzyme for various times from
1 h to 5 h. When HA alone was incubated without human serum for up to 5 h, no new
detectable bands were appeared. It was noticed that the band resolution of human serum
enzyme-digested HA samples was apparently more discrete, compared with the resolution of
bovine testicular enzyme-digested HA samples. When a total of band intensities for species
of n18 to n24 was calculated as a measure of activity, it linearly increased with incubation
time up to at least 5 h (Fig. 11b). From three experiments of the PAGE assay with three
human sera, the mean activity level of human serum HAase was estimated to be 10,7Å} 1.09
NFUIml. This value, corresponding to 2,1 Å} O.21 mUlml, correlated reasonably with the
mean activity (2,8 Å} O.27 mUlml) determined directly by the Morgan-Elson assay method,
having a correlation factor of O,954 in the linear regression between both assay methods,
although for only the three samples tested.
     The present PAGE assay method was also applied successfully to the assay of rabbit
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Fig. 11. PAGE-stained patterns of HA samples digested with human serum HAase for various
times (a), their densitometric scans with an insert demonstrating a linear relationship of a total
of the multiple band intensities with an incubation time (b). Five microliters of human serum
and 125 pl of 1.5 mglml HA in O.1 M formate buffer (pH 3.9) containing O.1 M NaCl were
mixed and incubated at 370C for the indicated times. Two-microliter aliquots of the reaction
mixtures were applied to PAGE as described in Materials and Methods.
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serum HAase, the presence of which has not been detected even by the highly sensitive
ELISA-like assay5`). In the case of rabbit sera, a ladder-like series of HA oligosaccharide
bands were seen discretely, although faintly even after a 15-h incubation with a large amount
of rabbit serum (4 to 6 times larger than the amount of human serum) (Fig. 12a). Again HA
samples mock-digested for up to 15 h did not give any new detectable bands. The mean
activity level of rabbit serum HAase was estimated to be O.12 Å} O.O14 NFUIml from three
experiments with three rabbit sera, thus indicating that the level of rabbit serum HAase was
approximately 1190 times lower than that of human serum HAase.
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described under Materials and Methods.
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 Discussion
     By their SE-PAGE method using large-slab gels of 32 x 14 x O.15 cm with 10 sample
wells of 2.5 x O.8 cm, Min and Cowman8`) have separated HA oligosaccharides of n8 to more
than nlOO into discrete bands with reasonable sensitivity. Furthermore, if samples are
doubly loaded at different times on a single gel, HA fragments up to n250 are claimed to be
separable by the method. However, it requires an electrophoresis time of 7 h even for usual
single loading and as long as a total of 22 h (16 plus 6 h) for double loading, the latter loading
being troublesome to perform and not practical.
     As herein described, by using mini-slab gels of 8 x 9 x O.1 cm with 10 sample wells of
1,1 x O,35 cm, I succeeded in achieving a marked shortening of the electrophoresis time to
only 45 min, In the present PAGE, the separable molecular range of HA oligosaccharides
became somewhat narrow from n5 to n50, compared with n8 to nlOO in the SE-PAGE (for
single loading). However, the use of mini-gels four times shorter in length than the large
gels in the SE-PAGE did not abolish the discreteness of band resolution at all, as long as the
optimized electrophoresis conditions were used, in which the electrophoresis temperature was
the most critical factor. Therefore, all the procedures of electrophoresis were carried out in a
cold room (40C), otherwise only diffused band patterns were obtained, because of the Joule
heat generation during electrophoresis in which relatively high voltages (250 to 580 V) were
used,
     The use of mini-gels also brought about a considerable increase in sensitivity. The
detection limit of the present PAGE method was less than 1 ng per band for n11-mer, whereas
that of the SE-PAGE method is less than 50 ng per band for probably n År11 species (although
it is not clear for which band they have indicated the limit) 8`). Considering that species of
-
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more than nll stain with Alcian blue in approximately correct proportion to their
concentrations83), the present PAGE method has approximately 50 times higher sensitivity
than the SE-PAGE method. Such a high sensitivity increase seemed to be due largely to the
use of mini-slab gels and partly to the double staining protocol employed, in which a dilute
Alcian blue solution (O.059o in water), instead of O.59e in acetic acid2`), was used, permitting
clear destaining of the background.
    HA oligosaccharides of less than n783) or n88`) have never been visualized by Ncian blue
in PAGE. Therefore, Turner and Cowman 83) have claimed that such smaller HA
oligosaccharides do not bind Ncian blue and also showed that there is a reduction in dye-
binding capability with decreasing chain length; thus n8-mer binds approximately 209e as
much Alcian blue as n15-mer. In the present PAGE method, however, the smallest species
visible was n5-mer (Fig. 8), although the band intensity of n5-mer was only 39o of that of
nll-mer (Table I). Considering that the detection limit of n6-mer was less than 20 ng per
band in this PAGE, which was approximately 50 times more sensitive than the SE-PAGE
method, sample loads in the microgram range seem to be sufficient for detection in the SE-
PAGE, as far as n6-mer is concerned. Nevertheless, species less than n7- or n8-mer have
not been detected even at very large sample loads by any earlier investigator83' 8`). This
                                                                          Ndiscrepancy may be due to the different gel concentrations used (all 109e in their PAGE and
159e in the present PAGE), since the staining of an oligosaccharide enmeshed within a
polyacrylamide matrix is the result of two processes, dye binding and precipitation of the dye-
oligosaccharide complex. It should be noted that instead of Alcian blue, Acridine orange
(O.19o in water) was also usable as a cationic dye in the double staining protocol. The
binding capability of both dyes with HA oligosaccharides differed somewhat; compared to
-
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Alcian blue, Acridine orange more strongly stained smaller oligosaccharides of n7 to nlO
while it rather weakly stained larger oligossaccharides. However, the smallest
oligosaccharide visualized was the same n5-mer with both dyes. In the present work where
HAase activity was determined using the band intensities of n18 to n24, alcian blue was
therefore a choice of use.
     FACE, due to the use ofa fluorescent tag as a reporter, is thought to have almost the
highest sensitivity among the analytical methods so far reported. Calabro et al. 59) have
shown that the AMAC fluorotag gives the same molar fluorescence value for each
oligosaccharide derivative with a free reducing terminal and that their FACE method can
quantify HA Adisaocharide over the range from 6.25 to 1oo pmol (2 - 50 ng for
Adisaccharide). Since the quantifiable range is equivalent to 12 - 300 ng for n6-mer and 22 -
550 ng for nll-mer, the FACE method is approximately two times more sensitive for n6-mer
and 20 times less sensitive for nll-mer than the present. PAGE method. This indicates that
the FACE method is not always more sensitive than the PAGE method. In addition, the
FACE method resolves bovine testicular HAase-digested HA samples into ladder-like bands
of oligosaccharides of n2 to more than n50, in a similar range to the present PAGE method,
but with such inversions in mobility as n3-mer overlapping n4-mer and n2-mer migrating at
the level of n7-mef9). Another disadvantage of FACE is that it requires a lengthy sample
prelabeling of 16 h with a fluorophore, while the present PAGE method is finished within 3 h,
except for the enzymatic reaction. Based on all these facts, the present PAGE method seems
to be more suitable for the analysis of HA olilgosaocharides from enzymatic digestion than
the FACE method.
     Recently, more modern methods such as electrospray-ionization mass spectrometry and
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matrix-assisted laser desorptionlionization time-of-fiight mass spectrometry have been
applied for the analysis of GAG oligosaccharides"' '8) . However, these techniques are
generally limited to the analysis for individual smaller oligosaccharides (up to n17 in Ref. 78),
but not for a mixture of oligosaccharides, and do not have satisfactory sensitivity.
     The present PAGE method was also applicable to the assay of HAase activity. The
PAGE assay, which detected as little as 3 x 10'` NFU of bovine testicular HAase on a 1-h
incubation, was approximately 500 times more sensitive on the amount basis or 6 times more
sensitive on the concentration basis of enzyme than the Morgan-Elson assay I performed,
This sensitivity appears to be nearly comparable, on the amount basis, to the recent highly
sensitive ELISA-like assays53' 54), which are based on the use of enzyme-linked hyaladherins
with or without their antibodies on HA-coated microplates and can detect as little as O.5 - 1 x
10'` NFU of bovine testicular HAase, if compared on the basis of the same incubation time of
1 h as in the present PAGE method. Thus, in this PAGE assay, relatively short incubation
times of 1 and 15 h were sufficient for detection of human and rabbit serum HAases,
respectively, The latter enzyme has not been detected by the ELISA-like assay which can
detect the former enzyme even at a 1112,500 dilutionS4). Since the level of rabbit serum
HAase was approximately 1190 times lower than that of human serum HAase as determined
by this PAGE assay, why the ELISA assay has not been able to detect rabbit serum HAase is
unclear,
     Zymography, which uses an SDS-substrate gel, is another electrophoretic method for
detecting enzymes including HAase89). Zymography has the remarkable advantage that
enzyme isoforms or enzymes can be separated from their inhibitors, but it is tedious and only
semiquantitative. On the other hand, the present PAGE assay method can provide
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information not only on the activity level but also on the enzymatic HA degradation pattern.
Especially when P-glucuronidase andlor N-acetyl- P-glucosaminidase coexist with HAase,
such as in tissue extracts, this PAGE method is very valuable, since their existence was
proven by the appearance of the new intervening odd-numbered oligosaccharide bands
between the usual even-numbered oligosaccharide bands (data not shown). Moreover, it is
noteworthy that the present PAGE method was also applicable to the assays of chondroitin
sulfate-degrading enzymes, when chondroitin sulphate was used as the substrate instead of
hya!uronan (data not shown).
     Several investigators have shown that HAase levels are changed in tissues or sera of
diseases such as cance-a 90' 9i), suggesting an important role of the enzyme. In such cases,
the rapid, sensitive, and simple PAGE assay described here may serve as a valuable
technique.
-
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Conclusion
     I established a rapid, sensitive PAGE method for the analysis of HA oligosaccharides.
Using mini-slab gels, but not large-slab gels so far reported, HA oligosaccharides of n5 to
more than n50 could be separated into discrete ladder-like bands in a short electrophoresis
time of 45 min. Using a combined Alcian blue and silver staming protocol, the detection
limit was less than 1 ng per band for nll, indicating 50 times higher sensitivity than the
sensitivity-enhanced PAGE method (Min and Cowman,AnaL Biochem. 155, 275-285, 1986).
     The present PAGE method was applicable to the assay of HAase activity. When a
total of multiple band intensities for n18-24 was used as a measure of activity, as little as 3 x
10'4 NFU of bovine testicular HAase was detectable on a 1-h incubation. The sensitivity
permitted rapid measurements of human and rabbit serum HAases, the latter of which has
never been detected even by a sensitive ELISA-like assay. Since this PAGE assay does not
require specialized reagents and instruments and provides information on both the activity and
the enzymatic HA degradation pattern, there may be many potential applications.
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Chapter 3
Enhanced activity of serum and urinary hyaluronidases in streptozotocin-
               induced diabetic Wistar and GK rats
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Introduction
     Diabetes mellitus is a metabolic disease characterized by hyperglycemia secondary to
relative or absolute insulin deficiency. Chajara et al. 2" 28) have demonstrated that HA
participates in the development of diabetic angiopathy. However, the involvement of HAase
in diabetic situations has scarcely been reported, Therefore, I attempted to investigate the
changes in serum and urinary HAase levels with the progress of diabetes, using experimental
models of two types of diabetes mellitus, STZ-induced diabetic Wistar and GK rats. In this
work, the fluorimetric Morgan-Elson assay and the minigel-PAGE method developed in the
preceding chapters, together with zymopraphy, were successfully used.
-
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Materials and Methods
Materials
     Sodium hyaruronate from human umbilical cord, STZ, and saccharic acid 1,4-lactone
were obtained from Sigma Chemical (St. Loius, MO). Alcian blue 8GX was from Fluka
Chemical (Buchs, Switzerland). GlcNAq potassium tetraborate, DMAB, and all reagents
for the polymerization of electrophoretic gels were from Wako Pure Chemical Industries
(Tokyo, Japan). Molecular weight markers for electrophoresis and silver staining kit were
from Bio-Rad Laboratories (Hercules, CA). Actinase E was from Kaken Pharmaceutical
(Tokyo, Japan). Normal human sera were obtained from laboratory volunteers. All other
chemicals were of reagent grade.
Experimental animats
 '
     Male Wistar and GK rats (Japan Laboratory Animals, Tokyo, Japan) of 8 weeks' age
were used. Wistar rats were separated into two groups, control and STZ groups. To induce
type 1 diabetes mellitus, a single injection of STZ (60 mglkg body weight) dissolved in
norrnal saline buffered with O.1 M sodium citrate (pH 4.5) was carried out via the tail vein of
STZ group rats. Control group rats received an equivalent volume of the dissolving buffer
alone. Spontaneously diabetic GK rats were used as a model of type 2 diabetes mellitus.
The three groups of rats were housed three or four per cage and fed ad libitum regular chow
and tap water from 8 to 26 weeks old. All experiments were performed in accordance with
the Guidelines for Animal Experiments at Hoshi University.
     Blood was sampled from the jugular vein and, after standing for 30 min at 4 "C,
centrifuged at 500 g for 15 min to obtain serum. Serum glucose level was determined by a
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glucose oxidase method with a kit (Glucose CII-Test Wako) supplied by Wako Pure Chemical
Industries.
     For 24-h urine collection, each rat was placed in a metabolic cage for 24 h. The
collected urine was centrifuged to remove debris and frozen until use. Urinary albumin was
measured by using a rat albumin ELISA kit (Shibayagi, Gunma, Japan) with rat albumin as a
standard.
Determination ofLL?lase activity
     Serum HAase activity was determined by the fiuorimetric Morgan-Elson assay method
as described in Chapter 138). Briefly, 125 pa1 of the substrate solution (1.5 mglml HA in O.1
M formate buffer, pH 3,9, containing O.1 M NaCl and 1,5 mM saoeharic acid 1,4-lactone) was
mixed with 5 "1 of serum and digested at 370C for 15 min, followed by the Morgan-Elson
reactlon.
Zymography ofLL4ase
     HAase was detected by HA zymography89' 92) with slight modifications. Rat serum was
diluted with nine volumes of O.15 M NaCl and mixed with an equivalent volume of
Laemmli's sample buffer93) containing 4 9o SDS and no reducing reagent. After incubation
for lh at 370C, without heating, 3 pt1 of the mixture (serum: O.15 pt1) were applied to 79o SDS-
polyacrylamide gels containing O.17 mglml HA. Rat urine was directly mixed with an
equivalent volume of sample buffer and, after incubation for lh at 370C, 5 - 20 pt1 of the
mixture (urine: 2.5-10 pt1) were applied. After electrophoretic run at 25 mA for
approximately 70 min at 40C, gels was rinsed with 2,59o Triton X-100 for 80 min at room
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temperature and incubated with O.1 M formate buffer (pH 3.5) containing O.03 M NaCl for 18
h at 37eC on an orbital shaker. Gels were then treated with O.1 mglml Actinase E in 20mM
Tris-HCI buffer (pH 8.0) for 2 h at 37"C. To visualize digestion of the HA, gels were stained
with O.59o Alcian blue in 259o ethanol-109o acetic acid. After destaining, gels were
counterstained with Coomassie Brilliant Blue R-250. For the determination of HAase
activity, the stained gel was scanned on an Epi-Light 2000 image analyzer with Luminous
Imager version 2.0 (Aisin Cosmos, Japan). The relative band intensities of rat serum and
urinary HAases were calculated from the ratios to the band intensity of HAase from O.5 pt1 of
a control human serum, as a standard on the same gel.
PAGE analysis ofIL4 digest mixtures
     The procedures employed for electrophoresis using 159e polyacrylamide gel were
essentially as described in Chapter 239). HA digest samples to be examined were prepared as
follows. One hundred twenty five microliters of a 1.5 mglml HA solution was digested with
5 pt1 of serum as described except that an incubation time of 30 min was used. After
centrifugation at 18,OOO g for 10 min, 10 pt1 of the clear supernatant was mixed with 2 ptl of 2
M sucrose in Trislborate/EDTA buffer and 2 pl of the mixture were applied directly to the
gels.
Statistical analysis
     Results are expressed as means Å} standard deviation (SD). For comparison of
multiple means, analysis of variance was used, foilowed by Fisher's protected least significant
difference test. The significance level was indicated in each experiment.
-
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Results
Characterization ofdiabetic rats
     Diabetes mellitus was induced in one group of rats by a single injection of STZ (60
mglkg body weight). The STZ-injected rats (STZ group) were examined for blood glucose
and body weight over 18 weeks after injection, compared with age-matched control rats
(control group) as well as spontaneously diabetic GK rats (GK group). Fig. 13 shows the
changes in blood glucose and body weight in STZ, GK, and control rats. The blood glucose
levels of STZ rats started to increase on the third day after injection and maintained -threefold
higher levels thereafter up to the 18th week, as compared with control rats. The STZ group
also showed a progressive decrease in body weight gain from the early stage and exhibited
679o of the control group body weight at the end of the experiment. These data indicated
that injection of STZ resulted in a rapid development of type 1 diabetes mellitus. On the
other hand, the blood glucose levels of GK rats, a genetic non-obese model of type 2 diabetes
mellitus, were already elevated significantly (--twofold) from the start day of the experiment,
when they were the same age (8 weeks) as STZ rats. The gain in body weight of the GK
group was nearly intermediate between the control and STZ groups.
Changes ofserum HAase activity in diabetic rats
     Serum HAase activity was determined by the fluorimetiric Morgan-Elson method38)
over the study period for both diabetic groups, in comparison with the control group (Fig. 14).
The serum HAase level of the STZ group again started to increase on the third day, becoming
1,6-fold higher (45.6 Å} 17,4 mUlml) than that (28.2 Å} 9.0 mU!ml) of the control group, and
thereafter maintained -threefold higher level (P Åq O.05 or better), The serum HAase level of
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Fig, 13. Changes of blood glucose level (a) and body weight (b) in STZ, GK, and control
groups. The abscissa shows weeks after injection at age 8 weeks for STZ and control
groups; for GK group it shows weeks from the start of experiment at age 8 weeks, Open
circle, control group; closed circle, STZ group; closed triangle, GK group. Each point
represents mean Å} SD.
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Fig. 14. Changes of serum HAase activity in STZ, GK, and control groups. HAase
activity was determined by the fluorimetric Morgan-Elson assay method as
described under Materials and Methods. Open circle, control group; closed circle,
STZ group; closed triangle, GK group. Each point represents mean Å} SD.
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the GK group was consistently higher (1.5- to 2-fold) from the start of the experiment, the
level at age 8 weeks (O weeks in Fig. 14) being 41.7 Å} 3.5 mUlml (P Åq O.OOI). Thus, the
increases of serum HAase activity in both diabetic groups closely corresponded to those of
blood glucose level, indicating that diabetes mellitus was accompanied by enhanced activity
of circulating HAase from the early process of its development.
Analysis ofserum LL4ase activity by aymography
     When the sera from STZ, GK, and control rats were subjected to zymography, every
serum sample gave two HAase isomers, a major band (Hyal-1 type) of 73 kDa and a minor
band of 132 kDa, irrespective of age of rats (Fig. 15). These HAase isomers were found to
have an acidic pH optimum around 3.5. When the loaded volume of serum to zymography
was increased from O.15 to 1.0 pt1, no novel distinct HAase bands could be detected with each
serum (data not shown). These results suggested that the increases in serum HAase activity
in both diabetic rat models were not caused by the appearance of novel HAase isomers but
that the two preexisting isomers were increased in similar proponions. As for Hyal-2 type
HAase, however, this zymographic technique could not detect the enzyme, because it can
cleave HA only to intermediates of -•20 kDa, whereas both Hyal-1 and PH-20 type HAases
can degrade HA down to the minimum tetrasacchadride,
Analysis ofLb4 digestion pattern with serum LL4ase by PAGE method
     To estimate whether Hyal-2 type HAase was increased in the sera of diabetic rats, HA
digestion patterns were examined by the minigel-PAGE method39). As shown in Fig. 16, the
HA digestion patterns for the STZ and control groups appeared to differ only quantitatively,
-
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Fig. 15. Zymography of serum HAases from STZ, GK, and control rats. Rat sera
were diluted with nine volumes of O.15 M NaCl, and mixed with an equivalent
volume of Laemmli's sample buffer, After incubation for 1 h at 37eC, O.15 pl of
serum were applied to HA-impregnated gels, as described under Materials and
Methods. The numbers at left represent molecular mass markers in kDa.
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rats. The HA digest mixtures were prepared and electrophoresed as described under
Materials and Methods. In the left lane for control is shown the blank test, which was
carried out in the same way except that the enzymatic reaction mixture was incubated for
O min. The number of disaccharide unit (n) is indicated.
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but not qualitatively. When HAase activity was determined based on the total band intensity
for the oligosaccharides from n18 to n24 as described in Chapter 239), the serum HAase
activity of the STZ group at the 13 week was -2.7 times higher than that of the control group,
The result was in good agreement with the results obtained from the fluorimetric Morgan-
Elson assay that the corresponding activity of the STZ group was 2.9 times higher than that of
the control group, Furthermore, there were no differences between the sera from the STZ
and control groups in the intensities of the saccharide bands around n50 (HA fragments of •-20
kDa to be produced by Hyal-2 type enzyme) relative to those for the smaller-sized bands.
Thus, the minigel-PAGE analysis did not show any distinct increase of Hyal-2 type HAase in
the process of diabetes development.
Analysis ofurinary H14ase activity by aymography
     Urinary HAase activity, unlike serum HAase activity, could not be precisely
determined by such usual assays as the Morgan-Elson reaction-based fluorimetric 38) and
colorimetric62) methods and the turbidimetric method `3), because of coexisting urea for the
formers and insufficient activity for the latter. Therefore, I attempted to perform
zymography for urinary HAase not only qualitatively but also quantitatively. When the 24-h
urine collections from STZ, GK, and control rats were examined by zymography, all the urine
samples gave a broad HAase band (probably corresponding to Hyal-1 type) centered at 71
kDa. In addition, only the urine from the STZ group had a narrow HAase band of 120 kDa
similar to the upper band present in all the sera from STZ, GK, and control rats (Fig, 17a),
     For the determination of urinary HAase activity, various volumes (2.5-10 pt1) of each
urine sample were subjected to zymography and the relative intensity (RI) of the broad HAase
-
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Fig. 17. Zymography of urinary HAases (a), the correlation between loaded urine volume and
band intensity (b), and the changes of total urinary HAase activity in 24-h urine samples from
STZ, GK, and control rats (c). Rat urine was directly mixed with an equivalent volume of
Laemmli's sample buffer. After incubation for 1 h at 370C, 7.5 pl (a, c) or 2.5-10 pt1 (b) of urine
were applied to HA-impregnated gels as described under Materials and Methods. The relative
band intensity of urinary HAase was calculated from the ratio to the band intensity of HAase from
O,5 pl of human serum, as a standard on the same gel. Data represent means Å} SD. Significant
difference from values for control group is indicated by *"p Åq O.Ol and '"'p Åq O.OOI. Open
circle, control group; closed circle, STZ group; closed triangle, GK group.
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band was determined. Fig. 17b shows a representative result obtained with the urine
samples from STZ, GK, and control rats, indicating an unexpectedly good linear relationship
between the RI aRd the loaded urine volume up to at least 10 pt1 of even the GK rat urine with
the highest HAase activity. The HAase activity in RI per 7.5 pa1 of urine was estimated to be
1.24 Å} O.51, 2,78 Å} O.73, and 1.83 Å} O.88 for STZ, GK, and control rats at the 18th week (26
weeks old), respectively. The volume of 24-h urine and the total urinary HAase activity thus
calculated for each group are listed in Table II, in which the amount of albumin excretion in
24-h urine is also included. Because the urinary volume of STZ group was remarkably large
(-•20-hold) compared with those of GK and control groups, the total urinary HAase activity of
STZ group was -•10 times higher than that of GK or control group. It was noteworthy that
there was a good correlation (R = O.953) between the total urinary HAase activity and the
amount of albumin excretion for individual rats. Fig. 17c compares the total urinary HAase
activity of STZ and GK groups with that of control group at three different times. At the 8th,
15th, and 18th week (age 16, 23, and 26 weeks), the total urinary HAase activity of STZ
group was -t3-, 7-, and 11-fold higher than that of control group, respectively, whereas the
total urinary HAase activity of GK group was not significantly different. Based on the
observed good correlation between urinary HAase activity and albumin excretion, it was
strongly suggested that the increase in urinary HAase activity may reflect an enhanced
glomerular permeability in STZ-induced diabetic rats, but not GK rats.
Effect ofincubation with sample buffer on the bandingpattern ofrat IL4ases in aymography
     In zymography, the banding patterns of rat serum and urinary HAases largely depended
on the incubation conditions of samples with Laemmli's sample buffer, although the banding
-
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Table II HAase activity and albumin amount in 24-h
         STZ, GK, and control rats
urine from
Group
(Number)
STZ
(4)
GK
(6)
Control
(1O)
Age (weeks)
Weeks post injection
Urine volume
(ml124 h)
HAase activity
(RI x 10 '31 24•h urine)
Albumin
(mg 1 24-h urine)
26
18
          ***177,5 Å} 10,9
         ***29,1 Å} 13,2
       *"*3.7 Å} 2,6
26
8.4 Å} 3,1
2,9 Å} O,71
O.31 Å} O.25
26
18
11,3 Å} 3.5
2.6 Å} 1.3
O,43 Å} O,34
Values are means Å} SD, Significant difference from control is indicated by
RI stands for relative intensity,
*** p Åq O,OOI.
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pattern of human serum HAase did not depend at all (Fig. 18). When each serum from
normal and diabetic rats was subjected to electrophoresis immediately after mixing with
sample buffer, it yielded four HAase bands of 132, 100, 73, and 47 kDa. A faint band
between the 73- and 47-kDa bands was of residual rat serum albumin undigested by Actinase
treatment, as was seen in the case with human serum as a very faint albumin band moving
faster than the Hyal-1 band of 59 kDa. When the sample mixture was incubated at 370C for
up to 60 min, however, the two bands of 100 and 47 kDa disappeared completely within 20
min, and in turn the other two bands of 132 and 73 kDa were increased in intensity. The
relative intensity of the 132-kDa band after incubation was increased to nearly the sum of
those for the 132- and 100-kDa bands at O time. The intensity of the 73-kDa band after
incubation was a little less than the sum of those for the 73- and 47-kDa bands at O time,
suggesting that the intensity of the 73-kDa band was already saturated either before or after
incubation, Furthermore, smearing of 100- and 47-kDa bands up to 132- and 73-kDa bands,
respectively, was sometimes observed, indicating a conversion of the former bands to the
respective latter bands. Such mutual conversion of the HAase bands occurred more gradually
at room temperature than at 370C,
     A similar phenomenon was also observed with rat urinary HAase. Normal rat urine
gave two HAase bands of 71 and 46 kDa at O time incubation. Upon incubation at 370C, the
smaller band disappeared within 20 min and in turn the intensity of the larger band was
increased to nearly the sum of the intensities of both bands at O time, indicating a conversion
of the smaller band to the larger band. Smearing of the 46-kDa band up to the 71-kDa band
was observed more distinctly compared with rat serum. Because rat serum and urinary
HAases were proven to change their banding patterns upon incubation, the zymographic
-
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Fig.18. Effect of incubation with Laemmli's sample buffer on the banding pattern of rat
HAases in zymography. Human and rat sera were diluted with nine volumes of O.15 M NaCl.
Samples were mixed with an equivalent volume of Laemmli's sample buffer containing SDS at
a final concentration of 29o, After incubation for the indicated time at 370C or room
temperature (RT), O.5 pl of human serum and O.3 pl of rat serum were applied to HA-
impregnated gels, respectively. Rat urine was directly mixed with an equivalent volume of
sample buffer, and 7.5 pt1 of urine was applied. Electrophoresis was carried out as described
under Materials and Methods. The numbers at both sides represent molecular mass in kDa.
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studies described were carried out with 60-min incubation where
obtained.
reproducible results were
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Discussion
     It is shown that the composition of GAGs including HA alters in serum29' 30), skin3'),
kidney32), aorta33), and urine34' 35) in human and experimental diabetes, To my knowledge,
however, no detailed investigation of HAase activity in diabetes has been performed; there are
only two preliminary reports as follows. In sera from diabetic patients (NIDDM), activities
of several lysosomal enzymes including HAase were significantly higher than in normal sera
9`). In another report, Chajara et al. 95) showed that serum HA and HAase activity increased
in STZ-induced diabetic rats, but only in single measurements at the 13th week, and that the
increases in HA and HAase were abolished by insulin treatment, In this chapter, I in more
detai! investigated time-course changes in the serum HAase level in a type 1 diabetes model,
STZ-induced diabetic rats, and a type 2 diabetes model, GK rats, Serum HAase activity
increased (Fig. 14) almost concomitantly with increase in the blood glucose level (Fig. 13a) in
the two rat models, clarifying that HAase activity increases from the very early stage of
diabetes. These findings suggested that the increase in HAase activity was involved in
enhanced ECM metabolism, a progression mechanism of diabetic complication,
     Urinary total HAase activity also was significantly increased in the STZ group
compared to that in the control group (Table II, Fig. 17c), Leakage of blood HAase due to
renal basement membrane impairment and deviation of HAase due to destruction of ureter or
bladder cells were considered to be the causes. Of these, the most likely cause of increased
urinary HAase activity in the STZ group may be leakage of blood HAase. It is known that a
minute amount of urinary protein, that is, microalbuminuria appears in the early stage of
diabetic nephropathy. Phillips et al. 96) reported that in STZ-induced daibetic rats, prominent
mesangial cell proliferation and glomerular macrophage infiltration were detected from 3 days
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after induction. Cadaval et al. 33) showed that the increase of 24-h urine volume as well as
albuminuria remained significant from the second week. Therefore, it is quite possible that
these findings support leakage of blood HAase from the early stage, resulting in an increase in
urinary HAase activity. This assumption was strongly supported by the present finding that
there was a good correlation between total urinary HAase activity and albumin excretion in
the urine samples from STZ, GK, and control rats (Table II), although only in single
measurements at the 18th week (age 26 weeks). Namely, only the STZ group had significant
increases in both urinary HAase activity and albumin excretion compared with those of the
control group. Furthermore, a 120-kDa HAase band that may have been derived from blood
was detected only in the STZ group urine. The measurement of total urinary HAase activity
was performed only in the 8th, ISth, and 18th week in this study, but it is necessary to
extensively investigate when urinary HAase starts to increase during the progression of
diabetes, including the relationship with the development of nephropathy. In contrast, there
were no significant differences not only in urinary HAase activity but also in albumin
excretion between the GK and control groups, implying that blood HAase as well as albumin
did not leak in the GK group. This is compatible with the report that although slight
abnormality was noted in the glomeruli in 26-week-old GK rats, it had not reached renal
dysfunction33), The findings of the present study suggest that total urinary HAase activity, as
well as the appearance of 120-kDa HAase band, may be used as a good marker refiecting
progression of nephropathy in diabetes.
     Rat HAase is considered to consist of six genes, by analogy to human and mouse
HAases that have been most extensively characterized among mammalian enzymes, but only
rat PH209') and HYAL298) genes have been identified, On the other hand, the presence of
-
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HAase activity in the rat has long been known in various tissues and body fluids including
serum. Recently Fiszer-Szafarz et al. ") using native PAGE zymography, demonstrated the
polymorphism of HAase in sera from several mammalian species, including humans and rats.
Fiszer-Szafarz et al. 99) further demonstrated that human HAases from somatic tissues and
body fluids were present in multiple forms and that some of the multiple forms were changed
by sialidase treatment to desialylated forms, including their dimer forms. In this chapter,
SDS-PAGE zymography was used, but not the native PAGE zymography used by Fiszer-
Szafarz et al. 'i), revealing that two of the four rat serum HAase bands at O time incubation
were chaRged to the two other bands on incubation in the presence of SDS (Fig. 18). These
conversions of rat serum isomers, however, seemed not to be due to desialylation because
sialidase activity, if present in rat serum, could scarcely act in the presence of 2% SDS.
Furthermore, the possibility of desialylation was unlikely because desialylation would result,
rather in an increase in electrophoretic mobility owing to the decreased molecular weight,
The most probable explanation is that rat serum HAase isomers are not as easily SDS-
denatured as human serum HAase (Hyal-1, 59 kDa) and they take longer to be completely
SDS-denatured to finally give 132- and 73-kDa bands. This explanation is not contradictory
to the smearing of the smaller bands up to the larger bands, because a completely denatured,
extended form of protein moves more slowly than a native compact form of protein on SDS-
PAGE gels. Thus, rat serum seemed to contain only two, but not four, forms of HAase,
consisting of the major one of 73 kDa (Hyal-1 type) and the minor one of 132 kDa.
Similarly, rat urine seemed to contain only one, but not two, form of HAase. Rat urinary
HAase is considered to be Hyal-1 type HAase, analogous to human urine that contains Hyal-1
(57 kDa) as a major HAase and its proteolytically processed smaller isoform (45 kDa) ioo).
-
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Both the 71- and 46-kDa bands of rat urine, when examined carefully, appeared not to be a
simply broad band but to be a doublet-shaped broad band. This strongly suggested that these
doublet-shaped broad bands consisted of two very similar but not identical sized HAases, the
larger of which being Hyal-1 type HAase (73 kDa) and the smaller of which being a
processed form (a little less than 73 kDa) of Hyal-1 type enzyme, possibly with kidney
proteases. It is noteworthy that only STZ rats, but not GK rats or control rats, displayed a
urinary HAase band of 120 kDa in addition to the doublet-shaped broad band centered at 71
kDa, which was commonly exhibited by every group of rats. Although the nature of the
urinary HAase band of 120 kDa is unknown, it possibly results from circulating HAase
isomer of 132 kDa, due to enhanced glomerular permeability in STZ rats, with concomitant
processing by kidney proteases.
     In this chapter, I demonstrated for the first time the enhancement of circulating HAase
from the early process of diabetes deveiopment. Furthermore, the increase in total urinary
HAase activity, together with the appearance of urinary 120-kDa HAase, may be a usefu1
marker for diabetic nephropathy.
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Conclusion
     Using STZ-induced diabetic Wistar and GK rats as models of type 1 and type 2
diabetes, respectively, I investigated the changes in serum and urinary HAase activity with the
pathological progress. The serum HAase levels of STZ-induced rats started to increase on
the third day after injection and thereafter maintained --threefold higher levels compared with
control rats; those of GK rats were already higher (-•twofold) from the beginning of
experiment. The increases of serum HAase activity in both diabetic rats were similar to those
of blood glucose level, indicating that diabetes mellitus was accompanied by enhanced
activity of circulating HAase from the early phase of its development. In zymography, every
serum from diabetic and control rats gave two HAase isomers, a major 73-kDa band (Hyal-1
type) and a minor 132-kDa band, suggesting that the increases in serum HAase activity were
not due to the appearance of novel isomers. The HAase activity in 24-h urine of STZ-
induced rats was 3-, 7-, and 11-fold higher at the 8th, 15th, and 18th week than that of control
rats, respectively, and the urinary HAase activity of GK rats was not significantly different
from controls. There was a good correlation between the urinary HAase activity and the
albumin excretion, Thus the increase in urinary HAase activity may reflect enhanced
glomerular permeability in STZ-induced diabetic rats and may be a usefu1 marker for diabetic
nephropathy. Relative resistance to SDS-denaturation in zymography of rat serum and
urinary HAases compared with human serum HAase are also shown.
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Chapter 4
Increased hyaluronidase activity in the kidney of streptozotocin-
                 induced diabetic rats
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Introduction
      In the normal kidney, HA exists at a relatively high concentration in the medulla and
at a very low concentration in the cortexiOi). In the medulla, HA is present in particularly
high concentration in the inner medulla, that is the papilla, and regulates water balanceice' '03).
In the cortex, HA is present in the glomerular basement membrane (GBM) with sulfated
GAGs mainly consisting of heparan sulfate, forming anionic sites, and contributes to GBM
permeability of biomolecules as a size or charge barrierioo`os). In various states such as
agingie7), diabetes32) and different body hydration conditionsice), the composition and
molecular weight of GAGs, including HA, change in the kidney, but few studies have been
performed on the metabolic enzymes involved in these changes.
      On the other hand, the kidney is considered to be the most important tissue responsible
for the degradation of HA next to the liver, and the presence of renal HAase activity has long
been recognizedios). It has recently been reported that mRNA transcripts for lysosomal-type
HAases, Hyal-1 and Hyal-2, and also a testicular-type HAase, PH-20, are constitutively
expressed in mouse kidney'oo).
     In Chapter 3op}, I have traced changes in serum HAase activity with the progression of
diabetes using STZ diabetic rats and spontaneously diabetic GK rats as models of type 1 and
type 2 diabetes mellitus, respectively, and clarified that serum HAase activity increases
signifieantly with increases in blood glucose from an early stage in diabetic rats, In this
chapter, I investigated changes in renal HAase activity in order to study the relationship
between a complication of diabetes, diabetic nephropathy, and renal HAase.
-
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Materials and Methods
Materials
     STZ, saccharic acid 1,4-lactone, and Alcian blue 8GX were obtained from Sigma
Chemical (St. Louis, MO). Sodium hyaruronate from Streptococcus zooepidemicus,
GlcNAq potassium tetraborate, DMAB, and all reagents for the polymerization of
electrophoretic gels were from Wako Pure Chemical Industries (Tokyo, Japan). Actinase E
was from Kaken Pharmaceutical (Tokyo, Japan). All other chemicals were of reagent grade.
Experimentalanimals
      Male Wistar and GK rats (Japan Laboratory Animals, Tokyo, Japan), 8 weeks old,
were used. To induce type 1 diabetes mellitus, a single injection of STZ (60 mglkg body
weight) was administered via the tail vein of the STZ group rats as described in Chapter 3.
Control, STZ, and GK rats were housed 3 or 4 per cage and fed ad libitum regular chow and
tap water from 8 to 26 weeks of age. All experiments were performed in accordance with
the Guidelines for Animal Experiments at Hoshi University.
     Three rats from each group were decapitated, and the kidneys were excised after blood
collection. The kidneys were immediately washed with physiological saline, and one kidney
was kept whole and the other was dMded into the medulla and cortex. Two tissue-weight
volumes of physiological saline were added to these specimens, and the specimens were
homogenized in ice using a polytron homogenizer. The homogenates were centrifuged at
18,OOO g at 40C for 30 min, and the supernatants were obtained as extracts.
-
87-
Determination ofserum glucose levet
     Trunk blood was collected and, after standing for 30 min at 4 eC, centrifuged at 5oo g
for 15 min to obtain serum. Serum glucose levels were determined by a glucose oxidase
method with a kit (Glucose CII-Test Wako) supplied by Wako Pure Chemical Industries.
Assay oflL4ase activity
     HAase activity was determined by the fluorimetric Morgan-Elson assay method as
described in Chapter 138). Briefly, 120 pt1 of substrate solution (1.5 mg/ml HA in O,1 M
formate buffer, pH 3.9, containing O.1 M NaCl and 1.5 mM saccharic acid 1,4-lactone) was
mixed with 10 pa1 of kidney extract and digested at 37eC for 40 min (for whole kidney and
cortex extracts) or 1oo min (for medulla extract). After heating to terminate the enzyme
reaction, the Morgan-Elson reaction was performed. To determine the pH optimum, HAase
activity was measured using O.1 M formate buffer of various pHs from 2.0-5.0 as described in
Chapter 1.
Zymography ofHAase activity
     HAase activity was detected by HA zymography 89) as described in Chapter 3`O). Rat
kidney extracts were diluted with O,15 M NaCl to a concentration of 10 mglml protein. Rat
and human sera were diluted with 9 volumes of O.15 M NaCl. These diluted samples and
undiluted rat urine were mixed with an equivalent volume of Laemmli's sample buffer93)
containing 4 9o SDS and no reducing reagent. After incubation for lh at 37eC, the mixtures
were applied to 7% SDS-polyacrylamide gels containing O.17 mglml HA.
-
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Protein determination
     Protein concentrations were determined by the bicinchoninic acid assay (Pierce
Chemical, Rockford, IL) according to the manufacturer's protocol using BSA as a standard.
Statistical analysts
     Results are expressed as means Å} SD. Student's two-sided t-test for paired samples
and analysis of variance for independent groups, followed by Fisher's protected least
significant difference test, were used. The significance level is indicated for each
    'experlment.
-
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Results and Discussion
Characterization of rat renal IL4ase
     Prior to studying changes in rat renal HAase activity with the progression of diabetes,
some properties of rat renal HAase were investigated,
     (a) Optjmum pH: I first examined the pH-activity profiles of rat renal HAase and also
serum HAase, since the activity of the latter enzyme has been shown to increase in diabetic
rats by us40) and others95), As shown in Fig. 19a, the optimum pH was 3,5 for both rat
HAases, HAase activity is known to be more readily affected by assay conditions and co-
existing substances than general enzymesiiO). Therefore, for comparison, I also measured the
pH-activity profile of human serum HAase under the same conditions, for which many
researchers have reported different optimum pH values of 3.7-4.2 under different conditions68'
iii•ii2), and found that its optimum pH to be 3.9, It appears that the optimum pH of rat serum
HAase, which may be Hyal-1 type as is human serum HAase, is more acidic than that of
human serum HAase and thus the pH optima of both rat serum and renal HAases are the most
acidic among the reported pH optima of various HAases. As seen in the pH-activity profile
curve, rat renal HAase exhibits no activity above pH 5, indicating that the activity of PH-20
type HAase with a neutral optimum pH is, if present, lower than the detection limit in rat
kidney.
     (b) Zymography of rat renal HAase: In Chapter 3`O) , I analyzed rat serum and urinary
HAases by zymography. In this chapter, I analyzed rat renal HAase by zymography in
comparison with these rat HAases and also human serum HAase (Fjg. 19b). As reported in
Chapter 3, a major band of Hyal-1 type HAase (73 kDa), corresponding to human serum
Hyal-1 (59 kDa), and a high molecular weight band (132 kDa) with trace intensity were
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Fig. 19. Determination of pH optimum (a) and zymography (b) of rat renal HAase. (a) The pH-
activity profiles of rat renal HAase, as well as of rat serum HAase, were obtained in comparison
with the profile of human serum HAase. HAase activity was determined by the fluorimetric
Morgan-Elson assay method as described in Materials and Methods. The samples used were 10 pl
of rat kidney extract, 10 pl of diluted rat serum with three volumes of O.15 M NaCl, and 5 pl of
human serum. The incubation time was 60 min for the kidney extract and rat serum and 120 min for
human serum. Closed circles, rat kidney; open circles, rat serum; open triangles, human serum. (b)
Zymography was carried out as described under Materials and Methods. Diluted human serum, rat
serum, and whole kidney extract and undiluted rat urine were mixed with an equivalent volume of
Laemmli's sample buffer and incubated for 1h at 370C. The samples loaded were O.5 pl of human
serum, O.2 pl of rat serum, 7.5 pt1 of rat urine and 5 pl (50 ptg protein) of kidney extract. The
numbers on each side represent molecular mass in kDa.
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detected in rat serum, and a Hyal-1-derived doublet band (centered at 71 kDa) was detected in
rat urine. In the rat kidney, a major 73-kDa band and a 63-kDa band with trace intensity
were detected, Among Hyal-1, Hyal-2, and PH-20 type HAases that may be expressed in rat
kidney as in mouse kidney'oo), Hyal-1 and PH-20 type HAases are detectable by this
zymographic technique, but a Hyal-2 type HAase is not detectable because it cleaves HA only
to intermediates of about 20 kDa '8). Since the enzyme reaction in zymography was
performed at pH 3,5, the pH of the enzyme reaction was changed to neutral to detect PH-20
type HAase with a neutral pH optimum, but no new bands were detected (data not shown).
It appears that in rat kidney, a PH-20 type HAase is, if expressed, under the detection limit of
even zymography with high sensitivity, The two HAase bands detected, therefore, may be
multiple isomers of the Hyal-1 type HAase, It is now unclear whether the major renal
HAase of 73 kDa is completely identical to the serum HAase of 73 kDa. It should be noted
that rat renal HAase isomers are not as easily denatured by SDS as human serum HAase and
take longer (År20 min at 37eC) to denature, as is the case with rat serum and urinary HAases40).
Characteristics ofSTZ-induced diabetic rats
     The body weights of the STZ-injected rats increased only slightly compared to the
control rats. The blood glucose level started to increase on day 3 after injection, and a level
about 4-fold higher than in the control rats persisted until the 13th week (Fig. 20a). The
kidney weight started to increase in the first week in the STZ group compared with that of the
control group, and reached a 1.4-fold higher weight in the 13th week (P Åq O.05) (Fig. 20b).
Since body weight was 315 that of the control rats at this time point, the kidney weight per
body weight was 2.3-fold higher. Since renal hypertrophy, one of the morphological renal
-
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changes that take place in diabetic nephropathy, occurs very shortly after STZ induction in
rats 2`•"3• "`), renal injury may have occurred in the STZ group in this study•
Changes in renal IL4ase activity in STZ-induced diabetic rats
     HAase activities in whole kidRey, cortex, and medulla extracts were measured, and the
activity timed•courses after STZ induction were compared until the 13th week (Fig. 21).
HAase activities in whole kidney, cortex, and medulla at the start of the experiment (8 weeks
old) were O.22 Å} O.03, O.19 Å} O.05, and O.28 Å} O,04 mU/mg protein, respectively, with the
medullary activity being the highest. As shown in Fig. 21a, little change with age was
detected in the whole kidney HAase activity in the control group. In the STZ group, the
activity increased significantly to a level 1.8-fold higher than that of the control group on day
3 (P Åq O.05) and to a maximum level 2.4-fold higher than the control group in the 3rd week
(P Åq O.Ol), then decreased slightly; the activity in the 13th week was 1.7-fold higher than that
of the control rats. The medullary and cortical HAase activities also started to increase on
day 3 (Fig. 21b). The pattern of the increase in HAase activity in the cortex, occupying most
of the kidney, was a!most the same as that in the whole kidney (peaking in the 3rd week),
while the medullary HAase activity peaked slightly later, in the 8th week. As reported in
Chapter 3`O), serum HAase activity in the STZ group started to increase on day 3 with an
increase in blood glucose, and, in this study, the renal HAase activity started to increase in the
early stage of diabetes, consistent with the increase in blood glucose, although there was a
slight difference between the medulla and cortex. These findings suggest that renal HAase
may be involved in the progression of diabetes accompanied by renal injury.
-
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Zymographic analysis of increased renal LL4ase activity in STZ-induced diabetic rats
     Next, I used zymography to investigate whether the increase in renal HAase activity
during the progression of diabetes is accompanied by qualitative changes (Fig. 22). The
intensities of both bands of rat kidney HAase increased with the progression of the
pathological state, but no new HAase isomer appeared, and no significant change was
observed in the intensity ratio of the two bands (data not shown). The kidney was divided
into the medulla and cortex, and the ratio of the intensities of the two HAase isomers was
traced in the medulla and cortex, but again no significant changes were observed (data not
shown), clarifying that the increase in renal HAase activity with the progression of the
pathological state is due to nearly identical increases in the activities of the two isomers, not
to the appearance of a new HAase isomer(s) or a change in the ratio of the two pre-existing
HAase isomers.
Comparison of the changes in renal IL4ase activity between STZ-induced diabetic rats and
GK ra ts
     To investigate whether an elevation of renal HAase activity also occurs in a model of
type 2 diabetes (GK rats), the renal HAase activities of STZ rats in the 18th week and age-
matched GK rats (26 weeks old) were compared (Fig. 23). In the STZ group, HAase activity
was significantly higher, 1.7- to 1.9-fold higher than that in the control group, in the whole
kidney, cortex, and medulla, but no significant changes relative to the control group were
observed for in the GK group. Although not as high as in the STZ group, the blood glucose
level in the GK group was 2.6 times higher and the serum HAase activity was 1,5 times
higher, respectively, than those in the control group, while the renal HAase activity did not
                                  -97-

             73 kDa
             63 kDa
Weeks after injection
 Fig. 22. Changes in
 analyzed by zymography.
 each kidney extract were
 under Materials and
 molecular mass in kDa.
     O 13 O.4 1 3 8 13
    Control STZ
 renal HAase activity in STZ and control rats as
     Two point five microliters (25 ptg protein) of
    applied to HA-impregnated gels as described
Methods. The numbers on the left side represent
-
99-

ft
,9
g
s
g
's
"5'
esg
=
O.7
O.6
O,5
O,4
O,3
O,2
O,1
o,o
ss
va
m
STZ
GK
Control
        Whole kidney Cortex Medulla
Fig. 23. Comparison of the changes in renal HAase activity between STZ-induced
diabetic rats and GK rats. Age (26 weeks)-matched STZ-induced diabetic rats and GK
rats were used. Data represent means Å} SD of 3 experiments. Significant differences
from values for the control group are indicated by "p Åq O.05 and """p Åq O.OOI.
-
 101 -
change. It has been reported that although thickening of the GBM is present in GK rats of
the same age as used in the present experiment (26 weeks old), it has not yet caused renal
disorders such as microalbumiuria 96), In agreement with this report, I demonstrated that
albumin excretion in the GK group (26 weeks old) was not larger than that in control rats,
whereas albumin excretion in age-matched STZ rats was about 9 times greater than that in the
control group in Chapter 3`O). Since, in this chapter, increased renal HAase activity was
observed only in STZ rats with renal disorder but not in GK rats without any remarkable renal
disorder, increased renal HAase activity may serve as a usefu1 marker of renal dysfunction.
     Earlier Silberberg et al. i'5) reported that in the articular cartilage of STZ-induced
diabetic rats, the activities of both GAG-degrading enzymes and synthetic enzymes are
increased, with the activities of the formers increasing more than the activities of the latters,
and that the implantation of pancreatic islets reduces these enzymatic activities to near-normal
levels. Chajara et al. 9S) also reported that an increase in serum HAase activity observed in
STZ-induced diabetic rats was abolished by insulin treatment. Therefore, the increase in
renal HAase activity observed in the present study in STZ-induced diabetic rats seems to be
involved in diabetes.
     This study, for the first time, clarifies that renal HAase activity increases from the early
stages of diabetic nephropathy in STZ-induced diabetic rats. Based on reports that anionic
sites on the GBM decrease in diabetic patients 'i6) and in STZ-induced diabetic rats 'M, the
increase in HAase activity in the cortex may contribute to one development step in diabetic
nephropathy, microalbumiuria, by acting on the glomerular size and!or charge barrier and
enhancing GBM permeability. Furthermore, lower molecular weight HA (HA fragments)
produced by HAase, unlike high molecular weight HA, has been reported to induce the
-
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expression of adhesion molecules in mouse cortical tubular epithelial cells and infiammatory
cytokines in macrophages ""8' "9). Most recently, it has been reported that the mRNA levels
of Hyal-2, which generates HA fragments with such proinflammatory effects, doubles in the
rat kidney cortex with post-ischemic injury or nephrotoxic damage 'oo). Based on these
reports, jt is ljkely that an increased HAase activity contributes to the aggravation of
nephropathy, although it is unclear whether a Hyal-2 type activity was included in the
increased cortical HAase activity in this study. On the other hand, since the involvement of
renal HAase in the action mechanism of antidiuretic hormone has been suggested '2"ias), and
HAase activity was shown to increase in the medulla in this study, HAase may be closely
involved in the regulation of HA function in the medulla. The difference between the patterns
of increase of the cortical and medullary HAase activities attracts attention because it may
reflect functional differences; however, a more detailed investigation is necessary to confirm
this.
-
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Conclusion
     I investigated changes in renal HAase activity in STZ-induced diabetic rats during the
progression of diabetes. Prior to the study, we characterized rat renal HAase activity to find
that its optimum pH is 3.5 and that it consists of two isomers of 73 and 63 kDa, as detected by
zymography.
     HAase activity was traced in one whole kidney and in the cortex and medulla of the
other kidney up to the 18th week after STZ injection. Whole kidney HAase activity started
to incrcase on day 3 and reached a maximum level 2.4 times that of the controls in the 3rd
week. Cortical HAase showed a similar tendency to that of whole kidney HAase, while
medullary HAase activity continued to increase until the 8th week, suggesting their different
involvements in the progression of diabetic nephropathy, In zymography, the intensities of
the two isomer bands increased with the progression of diabetes, but the intensity ratio did not
change significantly and no new isomer band appeared. Renal HAase activity increased
only in STZ-induced diabetic rats, but not in spontaneously diabetic GK rats still without
rernarkable renal disorder. Based on these findings, increased renal HAase activity may
serve as a useful marker for diabetic nephropathy.
-
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General Conclusion
     In Chapter 1, the fluorimetric Morgan-Elson assay for HAase activity was developed
with increased sensitivity permitting rapid measurement of low HAase activity in biological
samples, The detection limit was 5 x 10'3 NFUIml of bovine testicular HAase after 1-h
incubation, The most remarkable advantage of the present method, compared with other
techniques including the colorimetric Morgan-Elson method, is the good and long linearity of
the dose (or time)--activity curves.
    In Chapter 2, a rapid, sensitive minigel-PAGE method was developed for the analysis of
HA oligosaccharides. It separated HA oligosaccharides of n5 to more than n50 in a short
electrophoresis time of 45 min with the detection limit of less than 1 ng per band for nll,
The minigel-PAGE method was applicable to the assay of HAase activity. Since this PAGE
assay does not require specialized reagents and instruments and provides information on both
the activity and the enzymatic HA degradation pattern, there may be many potential
applications.
     In Chapters 3 and 4, the possible involvment of HAase in diabetes mellitus progression
was investigated, where the fiuorimetric Morgan-Elson assay and minigel-PAGE method
were utilized together with zymography. Using STZ-induced diabetic Wistar and GK rats, I
demonstrated for the first time the enhancement of circulating HAase from the early process
of two type of diabetes. The increases of serum HAase activity in both diabetic rats were
similar to those of blood glucose level. I also clarified that urinary and renal HAase
activities increase from the early stage of diabetic nephropathy in STZ-induced diabetic rats,
but not in GK rats without yet remarkable renal disorder. The increasing curves of cortical
-
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and medullary HAase activities were different, suggesting their different involvements in
progression of diabetic nephropathy. The increases in urinary and renal daase activities
reflect enhanced glomerular permeability in STZ-induced diabetic rats and thus may be usefu1
markers for diabetic nephropathy.
-
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